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Available online 30 July 2016AbstractRecently, regulations pertaining to the noise and vibration environment of offshore plants have been strengthened. For example, the
NORSOK standards have been applied, which are very strict regulations that are comparable to those applied to passenger ships. Furthermore,
the use of porous materials, such as those used in most of the current insulating panels, has been forbidden. Therefore, honeycomb-backed
Micro-Perforated Plates (MPPs) are now regarded as next-generation absorber materials. This paper reports the results of parametric studies
that were performed using numerical methods to determine the effect of the thickness on the performance of a honeycomb panel and the effect of
the perforation ratio on the MPP performance. The numerical results were verified through experiments. Finally, we propose a combined
honeycomb/MPP panel where the MPP is placed between upper and lower honeycomb panels and one end surface is also replaced with an MPP.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Vibration and noise regulations for offshore plants have been
strengthened in recent years, and environmental concerns are
also now a consideration. The NORSOK (2004) (Norsk Sok-
kels: Norwegian shelf) and United Kingdom Health & Safety
Executive (UK-HSE) standards are now being applied, and
these are very strict regulations that require ratings comparable
to those for passenger ships. In addition, the use of porous
materials as acoustic absorbers is now being avoided because of
health concerns. In this respect, honeycomb panels and Micro-
Perforated Plates (MPPs) are considered to be good alternative.* Corresponding author.
E-mail address: jhs@jnu.ac.kr (J.-H. Song).
Peer review under responsibility of Society of Naval Architects of Korea.
http://dx.doi.org/10.1016/j.ijnaoe.2016.06.004
2092-6782/Copyright © 2016 Society of Naval Architects of Korea. Production and
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Honeycomb panels have different stiffness moduli in the
planes perpendicular and parallel to the direction of the cells,
and these can be characterized as orthotropic with nine inde-
pendent stiffness constants. In addition, honeycomb panels
have good mechanical properties and are widely used in
various industries because of their high strength-to-weight
ratios. In particular, the panels have the advantage of a light
weight because they consist of about 97% air and 3% hon-
eycomb core.
Dym and Lang (1974) were the first to attempt a theoretical
prediction of the sound transmission loss (STL or TL) of
laminated panels with an infinite size. Since then, Moore and
Lyon (1991) proposed using this numerical method for lami-
nated panels with isotropic and orthotropic cores, and the ab-
sorption and insulation performances were estimated by
assuming that the core of the honeycomb panel was orthotropic.hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Fig. 1. S.S. þ H/C þ S.S.
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now been theoretically established. They have since been used
as sound-absorbing materials for various applications (Fuchs
et al., 2001; Zha et al., 2002; Wu, 1997). Asdrubali and
Pispola (2007) investigated the sound absorption of multiple
MPPs for noise barriers. Toyoda and Takahashi (2005,2008)
and Toyoda et al. (2007) conducted an analysis that consid-
ered the transmission and sound absorption of a combination
of MPPs, a solid plate, and honeycombs.
In this study, honeycomb panels and MPPs were used to
increase the insulation performance without the need for a
porous material, and this composition is now being applied to
shipbuilding.
2. Theory of honeycomb insulation panels
Fig. 1 shows an analytical model with an infinite xy plane.
Here, S.S. is a steel sheet, and H/C is a honeycomb.
The honeycomb can have different stiffness moduli in the
planes perpendicular and parallel to the direction of the cells,
and it can be characterized as orthotropic with nine indepen-
dent stiffness constants. The following equation expresses the
relationships among the stress, strain, and stiffness constants
(Lin et al., 2007).
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ð2Þwhere sx, sy, and sz are the normal stresses in the x, y, and z
directions and tyz, txz, and txy are the shear stresses, respec-
tively. Ex, Ey, and Ez are the Young's modulus values in the x,
y, and z directions, and Exy, Exz, and Eyz are shear modulus
values, respectively. y is Poisson's ratio. The values used for
Young's modulus and Poisson's ratio in this paper were taken
from a reference Gibson and Ashby (1997).The strains are defined using u, v, and w, which are the
displacements in the x, y, and z directions, respectively. These
displacements were introduced by Ford et al. (1967).
εx ¼ vu
vx
; εy ¼ vv
vy
; εz ¼ vw
vz
;
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þ vv
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þ vw
vx
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vv
vz
þ vw
vy
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where εx, εy, and εz are the strains in the x, y, and z directions,
respectively, and gxy, gxz, and gyz are the shear strain.
The stored elastic potential energy density, W, for a given
strain field is
2W ¼ E11ε2x þ 2E12εxεy þ 2E13εxεz þE22ε2y þ 2E23εyεz þE33ε2z
þE44g2xy þE55g2xz þE66g2xy
ð4Þ
The total elastic potential energy (P.E.) stored in a body of
finite volume is computed as the integral of the potential en-
ergy density over the volume of the body, and the kinetic
energies (K.E.) are similarly defined in terms of the volume
integrals. Each equation is as follows:P:E:¼
Z
Vol
W dVol ð5Þ
K:E:¼ 1
2
Z
Vol
r

_u2þ _v2þ _w2dVol ð6Þ
556 J.-D. Jung et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 554e562Lagrange's equation is utilized to generate the system of
equations describing the dynamics of the sandwich panel
(Moore, 1975) as follows:
d
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where qr are the generalized displacements, and Qr are the
generalized external force components per unit area.
Lagrange's equation can be applied to the expressions of the
kinetic and potential energies to account for symmetric and
antisymmetric motions, and we can then determine the sym-
metric and antisymmetric impedances.8>>>>>>>>>><
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where Zsym is the symmetric impedance, and Zasym is the
antisymmetric impedance. as and aa are the symmetric and
antisymmetric normal displacements of the face sheets. bs and
ba are the symmetric and antisymmetric extensional dis-
placements of the face sheets. z is a variable describing the in-
plane displacement of the core.The acoustic transmission coefficient is defined as the ratio
of the transmitted and the incident acoustic intensities. It is
evaluated in terms of the symmetric and antisymmetric panel
impedances, and the characteristic impedance of air. The
transmission coefficient can finally be calculated using the
following equation and the impedances.
tðq;fÞ ¼ Itrans
Iinc
¼
 ðr0c0=cosqÞðZsðq;fÞ  Zaðq;fÞÞðZsðq;fÞ þ r0c0=cosqÞðZaðq;fÞ þ r0c0=cosqÞ

2
ð12Þwhere r0 (¼1.21 kg/m3) and c0 (¼340 m/s) are the density and
speed of sound in air, respectively. Itrans and Iinc are the
transmitted acoustic intensity and incident intensity,
respectively.
If the noise source chamber is assumed to be a perfectly
diffuse sound field, it can be considered to be incident with the
same probability at all angles. However, it does not actually
become a perfectly diffuse field. Thus, the distribution of the
incident angles was assumed to be a Gaussian distribution (Kang
et al., 2000). The averaged transmission coefficient and STL
over the angle according to the incident directions are as follows:
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Z 2p
0
Z p=2
0
GðqÞtðq;fÞsinqcosq dqdfZ 2p
0
Z p=2
0
GðqÞsinqcosq dqdf
ð13Þ
STL¼10 log10ðtÞ dB ð14Þ
where
GðqÞ ¼ expbq2 ð15Þ
where t is the averaged transmission, q is the polar angle, f is
the azimuthal angle, G(q) is the Gaussian function, and b is a
constant, which is 1.2 in this paper.
3. Theory of honeycomb insulation panels that include an
MPP
The analysis model is shown in Fig. 2 that is assumed to
have an infinite xy plane, with each element glued.
The MPP is located at z ¼ 0, and a steel sheet (S.S.) is
located at z ¼ d. An incident wave is then assumed to be a
plane wave, given as
piðx; zÞ ¼ ejk0ðsin q$xþcos q$zÞ ð16Þ
where j is an imaginary unit, the wave number of air is k0, q is
the angle of incidence, and u is the angular frequency.
The subscripts 1, 2, and 3 pertain to the incident side, space
between the MPP and S.S., and space beyond the S.S.,
respectively. The Helmholtz integral can be used in two di-
mensions to obtain p1(x) and p3(x).
p1ðxÞ ¼ 2piðx;0Þ  r0u
2
Z∞
∞
H
ð1Þ
0 ðk0jx x0jÞv1ðx0Þdx0 ð17Þ
p3ðxÞ ¼ r0u
2
Z∞
∞
H
ð1Þ
0 ðk0jx x0jÞv3ðx0Þdx0 ð18Þ
where H
ð1Þ
0 is the Hankel function of the first kind of order
zero, and v1(x) and v3(x) are the particle velocities at z ¼ 0 and
z ¼ d, respectively. In addition, the pressure p2(x,z) and par-
ticle velocity v2(x,z) can be expressed as P
± unknowns, as
follows:Fig. 2. S.S. þ H/C þ MPP.p2ðx; zÞ ¼

Pþejk0$z þPejk0$zejk0 sin q$x ð19Þ
v2ðx; zÞ ¼ 1
r0c0

Pþejk0$z Pejk0$zejk0 sin q$x ð20Þ
The MPP and S.S. are represented by the pressure differ-
ences p1(x)  p2(x,0) and p2(x)  p3(x,0). If the MPP and S.S.
are excited by a unit force, the displacements are um(x) and
ub(x), respectively. Therefore, the equations of motion of these
panels are as follows:
v4um;bðxÞ
vx4
 k4m;bum;bðxÞ ¼
dðxÞ
Dfm;b
ð21Þ
where d(x) is the Dirac delta, k4m;b ¼ rm;bhm;bu2=Dfm;b, r is
the density, h is the thickness, Df is the flexural rigidity, and
the subscripts m and b respectively represent the MPP and
S.S.
By using a convolution of um,b(x) and the pressure differ-
ence of the MPP and S.S., the displacement of the MPP and
the S.S. can be obtained.
wmðxÞ ¼
Z∞
∞
fp1ðxÞ  p2ðx;0Þgupðx xÞdx ð22Þ
wbðxÞ ¼
Z∞
∞
fp2ðx;dÞ  p3ðxÞgubðx xÞdx ð23Þ
The particle velocity in the direction perpendicular to the
surfaces, for each of the surfaces, is as follows, as presented by
Takahashi (2002).
v1ðxÞ ¼ v2ðx;0Þ ¼ iuxwmðxÞ þ s
z0
fp1ðxÞ  p2ðx;0Þg ð24Þ
v2ðx;dÞ ¼ v2ðxÞ ¼ iuwbðxÞ ð25Þ
where s is the perforation ratio of MPP, x is 1(zreact/z0)s, and
z0 is the acoustic impedance of the MPP's hole, which is
considered to have resistance (zresist) and reactance (zreact). The
impedance of the MPP, as computed by Maa (1975), is given
by the following equation:
Z0 ¼ 32ht
sr0c0d
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where
b¼ d
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ur=4h
p
ð27Þ
where u is the angular frequency, h is the viscosity, t is the
thickness, and d is the hole diameter. The impedances of the
MPP and plate relative to that of air are given in the following
equation.
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P± ¼ A±1wpðxÞ þA±2 p1ðxÞ þA±3wbðxÞejk0 sin q$x ð28Þ
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s
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E± ¼ expð±jk0dÞ ð31Þ
Fourier transform can then by applied to Eqs. (21)e(23),
and (28), resulting in the following equations:
Um;bðkÞ ¼ 1
2pDfp;b

k4 k4p;b
 ð32ÞDp ¼
2pAþ2 þA2  1ðB1 þB3B2Þ þ Aþ3 þA3 C2UpðkÞ
1þ 2pAþ1 þA1 þ Aþ2 þA2  1ðB2þB3Þ þ Aþ3 þA3 C1UpðkÞ ð43ÞWmðkÞ ¼ 2p
 Aþ1 þA1 WpðkÞ  Aþ2 þA2  1P1ðkÞ
 Aþ1 þA1 WbðkÞUmðkÞ
ð33Þ
WbðkÞ ¼ 2p

Aþ1 þA1

WpðkÞ þ

Aþ2 þA2  1

P1ðkÞ
þ Aþ1 þA1 WbðkÞUbðkÞ ð34Þ
The integral representation of the Hankel function is given
by
H
ð1Þ
0 ðk0jx x0jÞ ¼
Z∞
∞
ejkðxx0Þ
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20  k2
q dk ð35Þ
The following equations can be obtained from Eqs. (17),
(18), (24), and (25).
P1ðkÞ ¼ B1dðk k0 sin qÞ þB2WpðkÞ þB3WbðkÞ ð36Þ
P3ðkÞ ¼ CWbðkÞ ð37Þ
where
B1 ¼
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20 k2
q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20  k2
q
 r0us
z0
Aþ2 þA2ð Þ
ð38ÞB2 ¼
r0u

jux s
z0

Aþ1 þA1

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20 k2
q
 r0us
z0

Aþ2 þA2
 ð39Þ
B3 ¼
r0u
s
z0
Aþ1 þA1
 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20 k2
q
 r0us
z0
Aþ2 þA2ð Þ
ð40Þ
C ¼ jr0u
2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k20  k2
q ð41Þ
Eqs. (33), (34), (36), and (37) can be solved to obtain the
displacements, as follows:
Wm;bðkÞ ¼ Dp;bdðk k0 sin qÞ ð42Þ
whereDb ¼ C1Dp þC2 ð44Þ
C1 ¼
2p

Aþ1 þA1 þ

Aþ1 þA1  1

B2

UbðkÞ
1 2pAþ3 þA3 þ Aþ2 þA2  1B2UbðkÞ ð45Þ
C2 ¼
2p

Aþ2 þA2  1

B1UbðkÞ
1 2pAþ3 þA3 þ Aþ2 þA2  1B2UbðkÞ ð46Þ
From the above equations, the transmitted sound intensity
It(q), incident sound intensity Ii(q), and transmission coeffi-
cient t(q) are expressed as follows:
ItðqÞ ¼ 1
2
Re

p3ðxÞ$v*3ðxÞ
¼ r0c0u2
2 cos q
jDbðk0 sin qÞj2 ð47Þ
Ii qð Þ ¼ cos q= 2r0c0ð Þ ð48Þ
tðqÞ ¼ ItðqÞ=IiðqÞ ð49Þ
where the asterisk (*) shows the complex conjugate. The
average transmission coefficient and STL can be obtained
using the Eqs. (13) and (14), respectively.
4. Theory of honeycomb insulation panels that include
two MPPs
The model under analysis is shown in Fig. 3, which is
assumed to have an infinite xy plane, with each element glued.
Here H/C (AL, MPP) indicates that an MPP made of
aluminum is placed between the upper honeycomb and lower
honeycomb. The outside of the MPP position z ¼ 0, and the
Fig. 3. S.S. þ H/C (AL, MPP) þ MPP.
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distance from the inside MPP to the outside MPP is [2.
Consider the incident wave pi to be a plane wave just as in Eq.
(16).
The subscripts 1, 2, 3, and 4 respectively pertain to the
incident side, space between the first and second MPP spaces,
space between the second MPP and the end plate, and beyond
the end plate. p1(x) is the same as Eq. (17), and the other
pressures in each space are expressed below.
p2ðx; zÞ ¼

Pþ2 e
jk0 cos q$z þP2 ejk0 cos q$z

ejk0 sin q$x ð50Þ
p3ðx; zÞ ¼

Pþ3 e
jk0 cos q$z þP3 ejk0 cos q$z

ejk0 sin q$x ð51Þ
p4ðxÞ ¼ r0u
2
Z∞
∞
H
ð1Þ
0 ðk0jx x0jÞv4ðx0Þdx0 ð52Þ
The STL of “S.S. þ H/C (AL, MPP) þ MPP” can be
calculated by applying Eqs. (17), (50)e(52) as explained in
the previous section.
5. Experimental set up
An experiment was performed at Hyundai Heavy In-
dustries. The experiment was conducted using a ceiling in-
tensity measurement window of the reverberation room. With
the intensity method (Cvetkovic et al., 1994), the 2.7  2.05 m
specimens were stacked horizontally, and the P-U probeFig. 4. Picture of installed specimen.method (Jacobsen and Bree, 2005) was then used to measure
the sound intensity. Fig. 4 shows the actual specimen that was
installed.
After the installation of each specimen, the speaker drives
in the reverberation room (the source room) were activated,
and the Sound Pressure Level (SPL) of the noise source was
measured. At the same time, intensity measurements were
made at 25 points on the upper surface at a distance of 10 cm.
The results were then derived using the following equation
under ISO 15186-1 with the measured data.
RI ¼ Lpl  6

LIn þ 10 log

Sm
S
	
ð53Þ
where RI is the acoustic sound reduction index (dB), Lpl is the
average sound pressure of the sound source chamber (dB), LIn
is the acoustic average of the surface measured at various
receiving room intensities (dB), Sm is the measurement area
(m2), and S is the area of the specimen (m2).6. Validation of predictions
Fig. 5 shows a comparison of the results of the experiment
and numerical computation with two thicknesses (25 and
30 mm) for the honeycomb panels. The properties that were
used in the numerical computations and experiments are listed
in Table 1. As shown in Fig. 5(a), the maximum difference in
the experiment was 3.14 dB at 500 Hz. In the case of Fig. 5(b),
the value was 4.37 dB at 315 Hz. These cases show a slight
difference at the critical frequency, but the results were in
good agreement at the remaining frequencies.
A second set of comparisons was conducted using the nu-
merical and experimental results for the “S.S. þ H/C þ MPP
(1%)” panels, which had a panel thickness of 40 mm. Here,
MPP (1%) indicates a perforation ratio of 1% for the MPP. The
properties used in the numerical computations and experi-
ments were the same as those listed in Tables 1 and 2, and
comparative results are shown in Fig. 6. The experimental and
numerical results for the panels are mostly consistent over the
tested frequency range, but show a difference for frequencies
above 2.5 kHz. In particular, at 3.15 kHz, the difference be-
tween the experimental and numerical results is 7.67 dB.
These differences are considered to be a problem in applying
rigidity in the analysis.
The above theory for honeycomb insulation panels was
used to compare the outcomes of honeycomb panel thick-
nesses of 25, 30, 40, and 50 mm in order to analyze the model
shape in Fig. 1 and the material properties in Table 1, and the
results are shown in Fig. 7. For thicker panels, the STL values
are higher, except for the critical frequency. The critical fre-
quency of the panel moves to lower frequencies as the thick-
ness increases. The reason for this can be seen in Eq. (54).
Assuming a uniform, homogeneous flat plate, the surface
density depends on h, but the bending stiffness depends on h3.
Thus, as the thickness increases, the critical frequency de-
creases (Fahy and Gardonio, 2007).
Fig. 5. Comparison of experimental and numerical results for honeycomb panel.
Table 1
Properties of “S.S. þ H/C þ S.S.” panel.
Property Variables Values
S.S
(steel)
density r (kg/m3) 7700
thickness t (mm) 0.6
Young's modulus E (N/m2) 19.5  1010
Poisson ratio y 0.28
loss factor h 0.1
H/C (aluminum) density r (kg/m3) 2700
thickness t (mm) 25, 30, 40, 50
Young's modulus E (N/m2) 7.1  1010
Poisson ratio y 0.33
cell size dc (mm) 9.52
thickness of cell wall tc (mm) 0.14
loss factor h 0.015
Table 2
Properties of MPP (steel).
Property Variables Values
MPP (steel) density r (kg/m3) 7700
thickness t (mm) 0.6
Young's modulus E (N/m2) 19.5  1010
Poisson ratio y 0.28
perforation ratio s (%) 1, 2
aperture diameter d (mm) 0.7
loss factor h 0.01
Fig. 6. Comparison of experimental and numerical results for “S.S. þ H/
C þ MPP (1%)” panel.
Fig. 7. STL comparison according to thickness of honeycomb.
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rsh
p
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Eh3
12ð1y2Þ
q ¼ c20
2p
ﬃﬃﬃﬃﬃ
m0
Df
s
ð54Þ
where fc is the critical frequency, rs is the density of the plate,
h is the thickness of the plate, E is Young's modulus, y is the
Poisson ratio, and m
0
is the surface density.
In order to compare these panels, the weighted sound
reduction index (Rw) (ISO 717-1:2013) is used. The Rw values
for thicknesses of 25, 30, 40, and 50 mm are respectively 22,
22, 23, and 24 dB. As expected, the 50 mm thick honeycomb
panel is better than the others.
Fig. 8. STL comparison according to perforation ratio of MPP.
Table 3
Properties of MPP (aluminum).
Property Variables Values
MPP (aluminum) density r (kg/m3) 2700
thickness t (mm) 0.4
Young's modulus E (N/m2) 7.1  1010
Poisson ratio y 0.33
perforation ratio s (%) 1
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an MPP to calculate the model in Fig. 2 and compared the
results for MPP perforation ratios of 1% and 2%. The prop-
erties listed in Tables 1 and 2 were used, and the results are
shown in Fig. 8. In both cases, there was little difference up to
400 Hz. However, from 400 Hz to 800 Hz, the STL value of
the panel with a perforation ratio of 1% turned out to be
relatively large. On the other hand, the 2% perforation ratio
panel had a greater STL value from 1 kHz up, for the
following reason.
Z¼ Z0 j cotuDa
c
ð55Þ
where Z0 is Eq. (26). Da is the thickness of the air layer.
The sound absorption coefficient using the impedance
expression may be determined from the following equation.Fig. 9. Absorption coefficient comparison according to perforation ratio of
MPP.a¼ 4Rð1þRÞ2þ ðXÞ2 ð56Þ
where R is the real part of Z, and X is the imaginary part.
Using this equation, the sound absorbing coefficients for MPPs
with perforation ratios of 1% and 2% were determined. Figs. 8
and 9 are compared to find a locally maximum STL value at
the frequency of the maximum absorption. Therefore the dif-
ference between “S.S. (0.6 mm) þ H/C (50 mm) þ MPP
(1%)” and “S.S. (0.6 mm) þ H/C (50 mm) þ MPP (2%)” was
caused by the difference in the perforation ratios of the MPPs.
The Rw values of “S.S. (0.6 mm) þ H/C (50 mm) þ MPP
(1%)” and “S.S. (0.6 mm) þ H/C (50 mm) þ MPP (2%)” are
31 dB and 30 dB, respectively. Thus, using a honeycomb panel
with a 1%-perforation-ratio MPP is better than using a hon-
eycomb with a 2%-perforation-ratio MPP.
The reliability of the proposed numerical method was
validated by conducting a comparison of the numerical and
experimental results. A parameter study using the numerical
method showed that a honeycomb thickness of 50 mm and an
MPP perforation ratio of 1% should be adopted. The proposed
model is shown in Fig. 3. One MPP is attached to one surface
and another is inserted into the center of the honeycomb panel.
The properties are listed in Tables 1e3, and the numerical and
experimental results are shown in Fig. 10. These match up
well over the frequency range, but a slight difference appearsaperture diameter d (mm) 0.7
loss factor h 0.01
Fig. 10. Comparison of experimental and numerical results for “S.S. þ H/C
(AL, MPP, 50T) þ MPP (1%)” panel.
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thought to be caused by the rigidity that is reflected in the
analysis. The Rw of the numerical results was 35 dB, and the
Rw for this panel was 4 dB greater than that of the “S.S.
(0.6 mm) þ H/C (50 mm) þ MPP (1%)” panel.
7. Summary and conclusions
In this paper, we reviewed the results of comparative nu-
merical and experimental studies of different combinations of
honeycomb and MPP panels. The numerical method was
verified using test cases, and it was then used to explore the
parameter dependencies and select specific values for the
honeycomb thickness and MPP perforation ratio. The chosen
configuration consisted of two MPPs and a honeycomb in
combination.
First, we compared the numerical and the experimental
results for honeycomb panels with thicknesses of 25 and
30 mm, along with the numerical and experiment results for
“S.S. þ H/C þ MPP (1%)”. We verified the reliability of the
numerical method by conducting these comparisons, and then
used the numerical method to select a thickness of 50 mm for
the honeycomb panel and a perforation ratio of 1% for the
MPP. We then proposed and numerically and experimentally
evaluated a composite panel formed of one MPP attached to
one surface of the honeycomb and another placed at the center
of the honeycomb panel.
It was shown that most of the radiation is transmitted at the
critical frequency. In particular, the critical frequency of the
honeycomb panel was shown to have a large impact on the
low-frequency region as a result of the relatively low density
and high strength. However, the use of the honeycomb with an
MPP reduced this critical frequency phenomenon. In addition,
the overall STL was improved because the holes in the MPP
provided sufficient acoustical resistance.
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